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Abstract — In this paper, we propose modulation diversity 
techniques for Spatial Modulation (SM) system using Complex 
Interleaved Orthogonal Design (CIOD) meant for two transmit 
antennas. Specifically, we show that by using the CIOD for 
two transmit antenna system, the standard SM scheme, where 
only one transmit antenna is activated in any symbol duration, 
can achieve a transmit diversity order of two. We show with 
our simulation results that the proposed schemes offer transmit 
diversity order of two, and hence, give a better Symbol Error 
Rate performance than the SM scheme with transmit diversity 
order of one. 

Index Terms — Spatial modulation, space-time block code, com- 
plex interleaved orthogonal design, diversity, decoding complex- 
ity. 

I. Introduction 

Spatial Modulation (SM) HI > 121 is a novel low-complexity 
Multiple-Input Multiple-Output (MIMO) scheme that exploits 
MIMO channel for transmitting information in an innovative 
fashion. Specifically, the information bitstream is divided into 
blocks of length \og2{NtM) bits, and in each block, log2 (A/) 
bits select a symbol s from an A/-ary signal set (such as M- 
QAM or -PSK), and logj {Nt) bits select an antenna out of Nt 
transmit antennas for the transmission of the symbol s. The 
throughput achieved by this scheme is Rsm = log2 (NtM) 
bpcu. Thus, the SM scheme achieves an increase in the spectral 
efficiency of logj Nt bits over single-antenna systems with a 
marginal increase in the complexity as it still needs only one 
RF chain at the transmitter One of the important benefits of the 
this scheme is the complete removal of Inter- Antenna Element 
interference at the receiver due to the activation of only one 
transmit antenna during any symbol duration. Since, only one 
transmit antenna is active at any instant the achievable transmit 
diversity will be limited to one. Some recent developments 
to increase the diversity order in SM scheme beyond one 
are Coherent Space-Time Shift Keying (CSTSK) Q, Time- 
Orthogonal Signal Design assisted Spatial Modulation (TOSD- 
SM) 1 4 1, 1 5 1, and Space-Time Block Coded Spatial Modulation 
(STBC-SM) 161 schemes. 

The CSTSK scheme needs activation of all the transmit 
antennas in any symbol duration, and hence, needs Nt RF 
chains at the transmitter The STBC-SM scheme needs two 
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active antennas out of Nt over two channel uses for the trans- 
mission of the Alamouti code, thus needs two RF chains. In the 
TOSD-SM scheme, the diversity order of two is achieved by 
exploiting the independent delays associated with the channel 
gains, and needs only one RF chain. But, this scheme needs 
a relatively higher bandwidth due to the employment of 
non-sinusoid time-orthogonal signals. Table I summarizes the 
various properties of the existing schemes discussed above. 

The focus of this paper is to increase the diversity order 
in the SM system through coding over transmitted symbols 
without incurring rate loss or system complexity. We show 
that the Complex Interleaved Orthogonal Design (CIOD) Q 
meant for two transmit antennas can be employed in the SM 
system to achieve a transmit diversity order of two, while still 
activating only one transmit antenna in any symbol duration. 

Definition 1: The number of jointly used antenna combina- 
tions to convey information in an SM system is defined as the 
Degree of Spatial Modulation (DoSM). 

For example, in the standard SM system the activation of 
one of the Nt antennas conveys log2 Nt bits per channel use. 
Therefore, its DoSM is Nt. In the STBC-SM scheme, the 
throughput achieved is given by 

l0g2 C + l0g2 



RsTBC- 



SM 



bpcu, 



where, AP is the total number of combinations of two 
transmitted symbols in the Alamouti code, each taking values 
from a signal set of size M, and c is the number of possible 
antenna combinations for the transmission of the Alamouti 
code, given by c = L(^')-l2p = 1 ^*''%*^^'' \2P, where p is a 
positive integer This scheme has the DoSM c. 

We note here that the maximum achievable DoSM per 
channel use in a system with Nt transmit antennas is Nt- The 
effective DoSM over two channel uses in the standard SM 
scheme is N^. It is easy to see that in the STBC-SM scheme 
c < Nt for any p. In this paper, we propose two coding 
schemes, one with the DoSM Nt over two channel uses and 
the other with the DoSM Nt per channel use. 

The rest of the paper is organized as follows. Section II 
briefly describes the SM system model. In Section III, the 
CIOD for two transmit antennas is reviewed. Sections IV and 
V respectively discuss the proposed schemes for the SM sys- 
tem to achieve a transmit diversity order of two with the DoSM 



TABLE I 

Comparison of the existing schemes. 



Properties 


SM 


CSTSK 


TOSD-SM 


STBC-SM 


Na 


1 


Nt 


1 


2 


IAS Required ? 


No 


Yes 


No 


Yes 


Tx Diversity order 


1 


Nt 


2 


2 



Na := no. of active antennas in a symbol duration. 
IAS := Inter- Antenna Synchronization. 



Nt over two channel uses and with the DoSM A^f per channel 
use. Section VI discusses the ML decoding complexities of 
the proposed schemes. Simulation results and discussions are 
presented in Section VII. Section VIII concludes the paper. 

II. System model 

We consider a MIMO system having Nt transmit as well as 
Nr receive antennas and a quasi-static, frequency-flat fading 
channel, yielding: 

y = Hx + n, (1) 



where x G 



••NtXl 



is the transmitted vector, y e 



••NrXl 



the received vector, H e ^^N^xNt jg jjjg channel matrix, and 
n e C^'^^ is the noise vector The entries of the channel 
matrix and the noise vector are from circularly symmetric 
complex-valued Gaussian distributions CAf (0,1) and CJ\f (0, 
2cr^), respectively, where is the noise variance per dimen- 



A. CIOD for two transmit antennas 



The CIOD for two transmit antennas is given by 



Sl 









(6) 



channel uses 

where, si = sn + js2Q and .S2 = S2/ + jsiQ are the 
transmitted symbols which are obtained by swapping the 
imaginary part of si with that of S2- We see from Eq.® that in 
the first channel use si is transmitted through the first antenna 
and the second antenna is kept inactive, and in the second 
channel use S2 is transmitted through the second antenna and 
the first antenna is kept inactive. Thus, it is straightforward that 
this code uses only one active antenna during any channel use. 



(2) 



A. Spatial Modulation 

In SM scheme HI, we have 

X = [ 0, . . . , , s, 0, 

l-l Nt-l 

where s is a complex symbol from the signal set S with 
15*1 = M. Throughout this paper we assume S* to be a lattice 
constellation such as QAM. Thus, for an SM system, Eq.([T]i 
becomes 

y = Hxi s + n, (3) 

where I ^ L = ^i^^ '^he subscript s captures the 

dependence of x on the signal set S. Assuming perfect 
Channel State Information (CSI) and Maximum Likelihood 
(ML) decoding at the receiver, we have 



(^,s)ml = arg min ||y - Hxj.sHj, 

arg min V \y, - hi^.sY 



(4) 



(5) 



where yi and hi i are the i* and the {I, i)* entry of the received 
vector y and the channel matrix H, respectively. 

III. Review of CIOD for two transmit antennas 

The CIODs fT) are basically symbol-by-symbol decodable 
codes which offer full rate (one complex symbol per channel 
use) for transmit antennas up to four 



B. Coding gain of the full rank STB C from CIOD 

Throughout this paper, we assume the signal set to be a 
square-QAM, represented by S = {d{2k - 1 - \/M) + j d{2k - 
1 - VM) \k,l e [1, \/M]} with \S\ = M and M is a perfect 
square, and d is a scaling factor to ensure that the signal set 
has unit average energy. 

Definition 2: The Coordinate Product Distance (CPD) be- 
tween any two signal points x ^ xj +jxQ and y = yi + jyq, 
.T 7^ 2/ in a signal set S is defined as 



CPD{x,y) = \xi - yi\\xQ - ygl 



(7) 



and the CPD of the signal set S is defined as CPD{S) = 
mh^x.yes.x^y CPD{x, y). 

It was shown in IQ that the full rank Space-Time Block 
Code (STBC) from CIOD gives full diversity when the signal 
set over which the STBC is constructed has non-zero CPD, 
and its coding gain was shown to be equal to the CPD of 
the signal set. Further, the coding gain of the STBC from 
CIOD constructed over square-QAM signal sets was shown to 
be maximized by rotating the constellation counterclockwise 
hy 6 = ^""^^^^ ^"^^ radians, and the corresponding maximum 

. ,2 

coding gain achieved is Thus, the STBC obtained from the 
design given in Eq.© will have full diversity and maximum 
coding gain when the symbols Si = e^^Xi, where Xi G S for 
^ = {l,2}. 



IV. Proposed transmit diversity scheme with 

DOSM Nt OVER TWO CHANNEL USES 

Considering the SM system given in Eq.Q over two chan- 
nel uses, we have 



[yi y2] = H [xi X2] +[ni n2], 



(8) 



X 



where the subscript /, s of the transmitted vector is dropped 
for the ease of presentation, the subscript (•); for i = 1,2 
indicates the channel use index, and the channel matrix H is 
assumed to be constant over two channel uses. Now, consider 
the transmission of the STBC obtained from two antenna 
CIOD given in Eq.® in the above SM system. The first 
symbol si can be transmitted through one of the Nt antennas 
in Xi. Note that the second symbol S2 cannot be transmitted 
through the same antenna that was used in the transmission of 
Si in order to achieve full diversity, so, S2 can be transmitted 
through one of the Nt — 1 antennas in X2. To have DoSM Nt 
over two channel uses we choose one of the Nt Code Books 
(CB) given in Eq.(|9|l. Observe from Eq.(|9]l that if the symbol 
si is transmitted through the antenna / in the first channel use 
then the symbol §2 is transmitted through the antenna (/ + 1) 
mod Nt in the second channel use. The rate achieved by this 
scheme is 



log2 Nt + log2 AP 



A. Diversity and Coding gain 



bpcu. 



(10) 



Let the coding gain of the proposed scheme be defined by 

G = min Idct A^AI, (11) 

where, A = X - X', and X, X' G C^*^^ ^re the transmitted 
space-time matrices from the same or different Code Books. 
When they belong to the same Code Book, say CB^ for any 
1 < i < Nt, we have 



A^A = 
Thus we have. 



|2 











S2 



G = min 

31,32, s[,s[,Si=is[ 



Si 



\S2 



(12) 



(13) 



which is nothing but the coding gain of the CIOD for two 
transmit antennas. Note that the symbols si and S2 in each 
of the Code Books are obtained by interleaving the imaginary 
parts of si and S2, where Si = e^^Xi, Xi G S for i = {1, 2}, 
and 6 = HEt^IilHl xhis ensures that when X, X' € CBj, the 
ranfc(A^A) = 2, and G is maximized. 

Now consider the case when X G CB^ and X' e CBj 
where j — (i + l) mod A^t or (z — 1) mod Nt- Without loss 
of generaUty we have 



A«A- 



IS' |2 



\S2\-' + \S'2\' 



(14) 



Thus, we have 

det(A«A) = + \S[\')i\~s2\' + - \S\\'\S2\\ 

(15) 

= \h\rs2\'+\h\rs2\' + Wi\'W2\'- (16) 

It is easy to see that the dct(A^A) 7^ for any Sj, s- e e^^S. 

Now consider the case when X G CB^ and X' G CBj where 
j 7^ j or (i + 1) mod Nt or {i — 1) mod Nt- In this case, 
without loss of generality, we have 

dct(A^A) = + |s;n(|S2p + iS^n. (17) 

It is straightforward that the dct(A-^A) 7^ for any Si,s^ G 
eJ^ S. Thus, the matrices from the collection of Code Books 
given in Eq.(|9| offer diversity order of two. 

In the rest of this paper, this scheme is referred to as the 
CIOD-SM scheme with Low DoSM. 

V. Proposed transmit diversity scheme with DoSM 

Nt PER CHANNEL USE 

In the previous section we proposed a CIOD based SM 
scheme with DoSM Nt over two channel uses. In this section 
we propose a CIOD based SM scheme with DoSM Nt per 
channel use. Suppose, if we have Nt + 1 transmit antennas 
then we could transmit si through one of the first Nt antennas 
and .?2 through one of the Nt antennas excluding the antenna 
used in the transmission of si. That is, 



.52 



[xi X2] 












(18) 



(Arf + l)x2 

where, the • in the {Nt + 1)* row of the first column indicates 
that the {Nt + 1)* antenna is never used in the transmission 
of si, where as the * in the second column adjacent to si 
indicates that the antenna used for the transmission of Si will 
not be used in the transmission of S2. If si,S2 & e^^ S, where 
5 is a square A/-QAM, then si and S2 together can take AP 
values. Also, from the above discussion we have N^ number 
of antenna activations possible in two channel uses. Thus, the 
rate achieved by this scheme is 



log^iV^ 



log2 M2 



log2 {NtAI) bpcu, 



(19) 



which is same as that of the standard SM scheme. Note that 
there are Nt number of Code Books in this scheme. 

A. Diversity and Coding gain 

The following example illustrates the method of obtaining 
the Code Books for SM scheme with DoSM Nt per channel 
use that give a transmit diversity order of two. 



Si 
















h 




.5i 
















S2 



































Si 

rs2 











Si 

S2 



h 







Si 



(9) 



CBi 



CB2 



CBjVf -1 



Example 1: Consider an SM system with the number of 
transmit antennas A^t + 1 = 5 and the proposed CIOD based 
SM scheme with DoSM Nt per channel use discussed in 
the previous subsection. The number of Code Books in this 
scheme is 16. Consider the following two Code Books. 



(20) 



It is easy to see that the difference of the matrices from these 
Code Books will have rank 1 when si in the first Code Book 
above is same as that of the second. We refer to such Code 
Books as interfering Code Books where in the difference of the 
matrices chosen from each of them would be rank deficient. 
The 16 Code Books are grouped into four Code Book Sets as 
shown below. It can be verified that the Code Books within a 
Code Book Set (CBS) do not interfere. 
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(21) 





S2 





(22) 






S2 



(23) 



(24) 



In order to achieve full diversity, each of the CBSs given 
above is multiplied by a complex exponential and the phase 
angles are obtained through numerical simulations by maxi- 
mizing the coding gain of the effective Code Book given by 
{e^<'^CBSi, e^^^CBS2, e^^'CBSs, e^'^^CBSi}. ■ 



In general, in an SM system with Nt + l number of transmit 
antennas, where Nt is a power of two, the Nt CBSs each 
containing Nt CBs are given by 

CBS^ = {eJ^^CB,,^ I 1 < < Nt} for 1 < i < Nt, (25) 

where, CBi j is an {Nt + 1) x 2 matrix with two non zero 
elements si and S2 at {j, 1) and {{j + i) mod [Nt + 1), 2), 
respectively. 

In the rest of this paper, this scheme is referred to as the 
CIOD-SM scheme with High DoSM. 

VI. ML Decoding complexity of the proposed 

SCHEMES 

In this section we discuss the ML decoding of the proposed 
schemes with their complexities. Eq.([8j can written as 



yi 
y2 



hz^si + ni, 
h/,S2 + n2, 



(26) 
(27) 



where, 1 < h < Nt and h = (^i + 1) mod Nt in the 
proposed CIOD-SM scheme with Low DoSM, and 1 < ^i < 
Nt, 1 < h < Nt + I, h 7^ h in the proposed CIOD- 
SM scheme with High DoSM. For the ease of presentation, 
the exponentials associated with the different CBSs of the 
proposed High DoSM scheme is absorbed in h/^ and hi^. 
The ML solution can be written as 

(Zi, /2, Sl, S2)a/l = arg min min J{li,l2, si, S2) 

legitimate li,l2 [si .s2G{e3^S} 

(28) 

where J{li,l2, 81,32) = \\yi - + ||y2 - hi2S2||i. For 

given hjj and h;^. Maximal Ratio Combining (MRC) yields 



2/1 

m 



asi + ni, 
bs2 + n2. 



(29) 
(30) 



where, yi = h/Jyi, 7/2 = h/;^y2, a = ||h,J|^ b = \\hij\ 
■hi = h^ni, and n2 = h/^n2. Note that fii ^ CJ\f{0,2aa'^) 
and n2 ~ CJ\f{0, 2ba'^). Equations ( |29] l and dSOl l can be written 
as 

yi = a(si/ + js2Q) + ni, (31) 
m = b{s2i +jsiQ) + h2. (32) 
Upon de-interleaving the imaginary parts we get. 



2/1 = asii + jbsiQ + hi. 



(33) 



j/2 = bs2i +jas2Q + n2, 



(34) 



Upon vectorizing the above equation we arrive at 



where, yi = yu 
jn2Q, n2 = n2i + 



J2/2Q, y2 = 2/27 4 
jhiQ. Note that hu 



- Af{0,aa^), n2Q ^ 
Af{0, ba^), and h2i - 7V(0, ba^), fiiq - 7V(0, acr^), thus, the 
real and imaginary parts of fii and n2 have different variances. 
The ML solution f7\ in this case is given as follows: 
Choose si ~ Si £ eJ^S such that 



6|yi - asi/p +a|yi - 6siQp < b\yi-aski\ 
Choose S2 = Si E eJ^ S such that 



a\y2 - bsii\'^ + b\y2 - asjgp < a\y2 - bs 



kl\ 



' +a\yi - 6sfcQp 
(35) 



-b\y2 



- askQ\ 
(36) 

Thus, from Eq.dSSll and Eq.(l34li it is clear that both si and 
S2 enjoy the diversity order of at least two (when = 1) due 
to the independent fading coefficients associated with their real 
and imaginary parts, and from Eq.(l35t and Eq.(l36t it is clear 
that the the symbols si and S2 can be decoded independently 
resulting in a complexity of 2M instead of AP. Also, notice 
that the transmit diversity order reduces to one if the symbols 
si and S2 are from the unrotated square-QAM signal set, and 
by rotating the constellation, the real and imaginary parts are 
coded and hence the diversity order increases to two. 

For a given (hjh) pair, si and S2 are obtained as above. 
Since the number of combinations of (hjh) is Nt for the 
proposed scheme with Low DoSM, the total number of evalu- 
ations of Eq.(l35Tl and Eq.(l36]l in obtaining the ML solution of 
Eq.(l28Tl will be 2MNt. Note that the SM scheme employing a 
square Af-QAM signal set with Nt transmit antennas will have 
the search complexity of 2MNt over two channel uses which 
is same as that of the proposed scheme with Low DoSM. The 
number of combinations of (hyh) for the proposed scheme 
with High DoSM is N^. Hence, the search complexity of this 
scheme is 2MNt which is Nt x 2MNt. Thus, the proposed 
scheme with High DoSM has an order Nt higher search 
complexity than the standard SM scheme. However, we show 
in the next section that the search complexities of the proposed 
schemes can be further reduced by exploiting the structure of 
the CIOD. 

VII. Low COMPLEXITY ML DETECTOR FOR OUR 
PROPOSED SCHEMES 

In the previous section, it was show that the ML decoding 
complexity of our proposed scheme with Low DoSM is 2NtM 
and that of the High DoSM scheme is 2NtM. In this section, 
we show that the ML decoding complexities of the proposed 
schemes can be further reduced. Specifically, we show that 
the ML decoding complexity in case of Low DoSM scheme 
can be reduced to 2Nt^/M and that in case of High DoSM 



scheme can be reduced to 2Nt\/M. 

Equations (|26] | and dZTl l can be written as 



[yi y2] = [hi, h;J 









S2 



[ni na] . (37) 



yi 
y2 



[l2®H(Zi,?2)] 



Si 
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ni 
n2 



(38) 



where I2 is a 2 x 2 identity matrix, H(^i, I2) = [h/^ hi^], and 
(g) represents the Kronecker product. Also, we may write 



, and 
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" cos(6l) 




sin(6l) 





SlQ 




sin(6') 




cos(6l) 





S2I 
















cos(6') 


S2Q 
















sin(6') 






- sin(6l) 
cos(6') 



(39) 




Xll 




XlQ 




X2I 




X2Q 



V2 



Thus, Eq.(l38]l can be written as 



yi 
y2 



[i2®H(;i,Z2)]ViV2 



He,(il,i2) 



Xll 
XlQ 
X2I 
X2Q 



ni 

"2 



(40) 



(41) 



The above equation can be expressed in terms of real vari- 
able^ as 



yi 
y2 



Heg(^l, I2) 



X2I 
X2Q 



+ 



ni 
n2 



(42) 



It can be verified that the columns hi and h.2 of Heg(/i, I2) = 
[hi h2 ha h4] are orthogonal to both the columns ha and h4 
for any realization of H(Zi, 12). 

The ML solution in terms of real-valued system is given by 



arg mm 

'l ,1-2 



ih,l2,XlI,XiQ,X2I,X2Q)ML = 

"y-H,,(/i,Z2)x||2 



mm 

^11 ,X1Q,X2I ,X2Q 



(43) 
(44) 



where xu, X21 and xiq^ X2q are assumed to take values from 
A^i-PAM and A^2-PAM signal sets respectively. For example, 
if S* is a 32-QAM signal set then it can be thought of as the 
Cartesian product of 8-PAM and 4-PAM signal sets along the 

'Given a complex- valued vector z S C" its equivalent real- valued vector 
is given by 



[^lI^ZiQ,Z2I,Z2Q, . . . , z^ni, ZmgJ G 



where zn = 5R(zi) and ZiQ = '^{zi) for 1 < i < m. Similarly, a complex 
valued matrix A g £mxn represented in terms of real values by A G 
jU2mx2n ^jji^-jj obtained by replacing every (i, j)* element of A by 

5R(ai,j) -Q(ai_j) 
Q(ai,j) 5R{ai_j) 



real and imaginary axes, respectively. In case of a square M- 
QAM signal set the real and imaginary axes will have \/M 
PAM points each. 

Taking the QR decomposition of 'H.eq{li, h) we have 

||y-H,,(/i,/2)x||2 = ||y-QRx||2, 

where Q = [Qi 4JV,x4Q2 4JV,x(4W,-4)] and R = 
R-i 4x4 Thus, we have 

U(4Ar^_4)x4 

||y-QRx||2 = ||zi-Rix||2 + ||z2||^, 

where Zi = Q^y and Z2 = Qi^y- Since, hi and h2 are both 
orthogonal to and h4, it is easy to see that the elements 
ri.j = for i = {1, 2}, j = {3, 4}, i.e, Ri has the structure. 
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(45) 



where, * indicates a non-zero element. It is clear that the sym- 
bols si and S2 can be decoded independently. Furthermore, 
upon conditioning Xiq and X2Q, xu and X21 can be decoded 
without searching through the signal set by hard-limiting as 
given by Eq.(|46]l and Eq.(|47]i. Assuming Ni = N2 = y/M, 
we have as the complexity of conditioning xiq and 

X2Q- Thus, the proposed scheme with Low DoSM has the 
ML decoding complexity of Nt{2^/M) and the proposed 
scheme with High DoSM has the ML decoding complexity 
of Nf(2VM). 

Will. Simulation Results and Discussion 

Consider an SM system with Nr = 2, Nt = 4, employing 
BPSK, and 4-QAM signal sets. With the BPSK and the 4- 
QAM signal sets the spectral efficiencies achieved are 3 and 4 
bpcu, respectively. The same spectral efficiencies are achieved 
by the proposed scheme with Low DoSM by employing 4- 
QAM and 8 -QAM signal sets. The proposed scheme with 
High DoSM achieves the same spectral efficiencies by using 
the same signal sets as used by the SM scheme but needs five 
transmit antennas instead of four In all our simulations, at an 
SER of 10^* we have used at least 10*+^ symbols in evaluating 
the SER, and assumed block Rayleigh fading channel. The 
receiver is assumed to have perfect CSl and perform ML 
decoding. 

Recall from Section IV that the coding gain G of the 
proposed scheme with Low DoSM depends only on the trans- 
mitted symbols and not on the number of transmit antennas. 
Table 11 gives the coding gain offered by the proposed scheme 
with Low DoSM for various QAM signal sets. From Table 11 
it is clear that the coding gain remains constant for M > 16. 
We conjecture that the proposed scheme with Low DoSM 
for an SM system with arbitrary Nt has the Non Vanishing 
Determinant (NVD) property 

The coding gain offered by the proposed scheme with High 
DoSM for BPSK and 4-QAM signal sets are 0.2 and 0.04, 
respectively. The complex exponential functions associated 



TABLE II 

Coding gain offered by the proposed scheme with Low DoSM. 



Af-QAM 


M = 4 


M = 16 


M = 64 


M = 256 


G 


1.6446 


1.6 


1.6 


1.6 



with the four CBSs in the proposed scheme with High DoSM 
are obtained by maximizing the coding gain over the sixteen 
points on the unit circle, and are given in Table 111. Note that 
the higher coding gains than what is achieved may be obtained 
by maximizing the coding gain by considering a larger number 
of points on the unit circle. 

Fig. [T] gives the Symbol Error Rate (SER) performance of 
the proposed schemes and the SM scheme for the spectral effi- 
ciency of 3 bpcu. It is clear from Fig. [T]that both the proposed 
schemes exhibit better SER performance than the SM scheme 
at high Signal-to-Noise Ratios (SNR). Specifically, at an SER 
of 10~^ both the proposed schemes give an SNR gain of about 
2.5 dB with respect to the SM scheme. However, the plot (b) 
in Fig. [T] shows that the proposed scheme with High DoSM 
performs relatively better than the proposed scheme with Low 
DoSM at medium SNRs. 

Fig.|2]gives the SER curves of the proposed schemes and the 
SM scheme for the spectral efficiency of 4 bpcu. It is clear 
from the figure that the performance of both the proposed 
schemes are almost identical unlike the case of 3 bpcu. Thus, 
indicating that the DoSM plays a key role in the performance 
of the SM scheme at low rates. From the plots (a) and (b) 
of Fig. 121 it is evident that at an SER of about 10""* both 
the proposed schemes give an SNR gain of about 3 dB with 
respect to the standard SM scheme. 

Thus, for high rate applications, where M is large compared 
to Nt, the proposed Low DoSM scheme is a suitable choice 
due to the observed constant coding gain property of the 
scheme. However, when Nt is large or of the order of 
M, the proposed High DoSM scheme may give better SER 
performance than that of the Low DoSM scheme at low and 
medium SNRs. 



IX. Conclusions 

Two modulation diversity techniques are proposed for the 
SM scheme using the ClOD meant for two transmit antennas. 
Both the proposed schemes use only one active antenna in any 
symbol duration and still achieve a transmit diversity order of 
two. Also, the proposed schemes are shown to admit low ML 
decoding complexity due the amicable structure of the ClOD. 
It is observed through numerical simulations that the proposed 
scheme with Low DoSM has a constant coding gain for Af- 
QAM signal sets with M > 16. It is shown with our simulation 
results that both the proposed schemes outperform the SM 
scheme at medium and high SNRs due to higher diversity 
order 



xii = mm 



max I 2 rnd 



(zii - a;iQri,2) + 1 



(46) 



X2I ~ mm 



max I 2 rric! 



(zi3 - a;2Qr3,4) /r-3,3 + 1 



- 1, ,VN^- 1 



(47) 



TABLE III 

Coding gain optimized exponentials for the proposed scheme with High DoSM. 







ej<^2 


eJ«3 




BPSK 


0.9239 + 0.3827j 


0.7071 - 0.7071.7 


-l.OOOOj 


-0.7071 - 0.707j 


4-QAM 


-0.9239 + 0.3827j 


l.OOOOj 


0.7071 + 0.7071j 


0.9239 + 0.3827j 
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Fig. 1. Plot (a) gives the SER curves of tiie proposed scheme with Low 
DoSM and the SM scheme. Plot (b) gives the SER curves of the proposed 
scheme with High DoSM and the SM scheme. In both the scenarios the 
spectral efficiency is 3 bpcu. 



[1] R. Mesleh, H. Haas, C. Ahn, and S. Yun "Spatial modulation - a new 
low complexity spectral efficiency enhancing technique," in Proc. First 
International Conf. Commun. Netw., Beijing, China., pp. 1-5, Oct. 2006. 

[2] R. Mesleh, H. Haas, S. Sinanovic, C. Ahn, and S. Yun " Spatial 
modulation ," IEEE Trans. Veh. Technol,, vol. 57, no. 4, pp. 2228-2242, 
2008. 

[3] S. Sugiura, S. Chen and L. Hanzo, "Coherent and differential space- 
time shift keying: A dispersion matrix approach," IEEE Transactions on 
Communications, vol. 58, no. 11, pp. 3219-3230, 2010. 

[4] M. Di Renzo and H. Haas, "Performance comparison of different spa- 
tial modulation schemes in conelated fading channels," in Proc. IEEE 
International Conf. Commun., Cape Town, South Africa, May 2010, pp. 
1-6. 

[5] M. Di Renzo and H. Haas, "Space shift keying (SSK) modulation: on 

the transmit-diversity / multiplexing trade-off," to appear in Proc. IEEE 

International Conf. Commun. (ICC), 2011. 
[6] E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, "Space-time block 

coding for spatial modulation," IEEE Int. Symp. Personal, Indoor, Mobile 

Radio Commun., Sep. 2010, pp. 803-808. 
[7] M. Z. A. Khan and B. S. Rajan, "Single symbol maximum likelihood 

decodable Hnear STBCs," IEEE Trans. Inf. Theory, vol. 52, no. 5, pp. 

2062-2091, May 2006. 
[8] F. Oggier, J. C. Belfiore, and E. Viterbo, Cyclic Division Algebras: A 

Tool for Space-Time Coding. Foundations and Trends in Commun. and 

Inform. Theory, vol. 4, no. 1, pp. 1-95, Now PubHshers, 2007. 




Fig. 2. Plots corresponding to that of Fig[T]for the spectral efficiency of 4 
bpcu. 



